Multi-Channel, Probe Colorimeter for Use with the Micro-ELIsATest, Which Makes Use of Disposable Flat-Bottom Microhemagglutination Plates
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We describe a multiprobe colorimeter that permits the reading of enzyme-linked immunosorbentassays (ELIsA) in situ, by use of microhemagglutination plates. The use of dipping probes eliminates interference from meniscus effects and air-bubble entrapment. Detailed (4) .
Various pieces of apparatus, such as multi-well washers, are now available commercially to assist with the assay, but at present the reading of the colorimetric step has not been automated to any great extent and is still a slow part of the procedure.
Several methods of measuring the color intensity can be used: (a) by eye, (b) by transferring the colored solution to a micro-spectrophotometer, or (c) by measuring directly through the transparent bottom of the microhemagglutination plates. The last method is faster than a microspectrophotometer, because no solution transfer is required, and it is more accurate than reading by eye. Ruitenberg eta!. (5) described a modified spectrophotometer system that measured several wells simultaneously, but the equipment is expensive and outside the scope of many clinical laboratories. More recently, Clem et al. (6) described the construction of a colorimeter to measure wells one at a time, a grid system being used to align each well with a light beam and photodetector.
The instrument described here offers further advantages in that 12 wells can be read simultaneously and the plate is automatically aligned with respect to the optical system. A complete plate of 96 wells can be read in about 1.5 mm, the results being transferred to a computer. The instrument described consists of three main units: (a) a light-detector head mounted on a base, which incorporates a plate holder and optical fiber array (Figure 1 intensity lamp with an interference-filter holder, and (c) an electronics unit.
Design Considerations for the Detector Head
Cadmium sulfide light-dependent resistors (LDRs) were chosen as the photodetectors because they have a peak spectral response in the visible region and can be used in a simple electronic circuit, without the necessity for amplifiers, etc. Initially itwas anticipated thatthe LDRs couldbe placed directly above a row ofwells, simply"lookingdown" on the solution in them, but problems were encountered from the "lens" effect of the meniscus in each well, an effect found to be nonreproducible across a plate. This was overcome by having the LDRs "looking through" a small clear methyl methacrylate polymer ("Plexiglas" or "Perspex") rod, which dipped into the solution to be measured, thus obviating problems caused by the shapes of the meniscus. The contour of the "dipping" end of this rod was found to be important.
A completely flat end caused air bubblesto be trapped under it, whereas a rounded end caused stray light to be picked up from the surroundings. The rounded end of the rod also resulted in poor reproducibility because of variable geometry and the effect of this on light capture by the probe. The version finally used was a cone shape with a flat end (truncated cone) as can be seen from Figures 1 and 3 . The rods were sprayed black, except for the flat ends, so that light was only transmitted from these areas. A combination of these features eliminates problems with both bubbles and stray light.
Construction
Light box. Construction details of the light box can be seen in Figure 2 . A high-intensity quartz/iodine projector lamp with internal reflector was used as the light source. This eliminated the need for any lens systems. Light was transferred from the front of the lamp to the base of the plate holder and detector head by use of a fiber optic bundle split into 13 channels. A cooling fan was required at the rear of the light box, to prevent overheating. A block of aluminum with a slot milled into it was mounted at the front of the box. This provided a mount for the interchangeable interference filters and fiber optic bundle.
Detector head and plate holder. Construction details of the plate holder and detector head are shown in Figures 1 and 3 . The base is constructed from aluminum that is 6 mm thick, to providerigidity. A row of12holesisdrilled throughthetop plate of the box corresponding with the center of each well in a row on the microtiter plate. An identical row of holes is also drilled through a strip of thick aluminum, which is used to providea mount forthefiber optics coming from the light box Care is taken when orienting the Perspex rods, so that they protrude an equal distance (6 mm) from the block. A small cone of aluminum is secured over the top of the probe at each end of the detector head. These cones enable the plate to be located accurately and hold the plate rigid with respect to the optical system while readings are being taken. A smear of thin grease is placed on the end of each of the rods, which are then sprayed with glossy black paint. The grease enables the paint to be easily removed from the tips of the rods so that light can only enter the rods and detector head at this point. The LDRs are mounted on top of the block with an 0-ring under each, and held in position with a strip of perforated insulating material, through which the connecting wires pass.
At the rear of each end of the detector block, 40-mm lengths of rack are mounted, in line with the pinion wheels as shown in Figure 4 , to complete the rack-and-pinion system.
To facilitate smooth vertical movement of the head, nylon brushes are inserted into the holes at the ends of the detector block through which the pillars pass. These are a reasonably tight fit on the pillars, but still allow freedom of vertical movement.
Electronics. Figure 5 is a block diagram of the electronic system. Each LDR has a separate balance circuit ( Figure 6 ).
The change in current through the LDR is detected by the balance circuit and transferred as a voltage measurement to the 12-way switch and multiplexer.
The mode of operation may be selected by a change-over switch, which permits the electrical output from the LDRs to be transferred either manually via a 12-way switch, or automatically via the multiplexer, to the DVM. E, Fiber-optic light guides. F, Spare fiber-optic bundle, which could be used as a reference cell. G, Guides for microtiter plates, milled from strips of aluminum, 95 X 6 X 6mm. with Binary Coded Decimal (BCD) output was used so that the readings could be transferred via suitable interfaces to recordings or computing equipment.
Two stabilized power supplies are used. The first provides power for the balance circuits; the second (Lambda type LAS3212 regulator with associated circuitry) provides the high current necessary for the high-intensity lamp and also provides an isolated circuit for the multiplexer.
All the electronics except the LDRs are housed in a metal box, the front panel of which is used to mount the potentiometers, meter, switches, etc. Standard statistical methods (software written for the 9825A Calculator) were used throughout.
CLINICAL
Instrument Calibration
The instrument was calibrated by using a microtiter plate containing 200 iL of water in one row of wells and 200 mLof a standard solution (A = 1.0) in another. The wells containing water were positioned under the detector head and the probes lowered into the water, ensuring that the head sets firmly on top of the plate. The reading from an individual well was selected by the 12-way switch and its associated potentiometer (VR1) was adjusted to give a zero or a slightly positive reading on the DVM. This was repeated for each of the 12 wells in the row. The plate was moved, after raising the detector head, to read the wells containing the standard solution. The sensitivity-setting potentiometers (VR2) were adjusted to give the required uniform reading on the meter for each of the 12 wells. This sequence of calibrating the blank and standard solutions was repeated as necessary until readings were stable to compensate for the slight interaction between the zero and sensitivity-setting potentiometers (VR1 and VR2).
Testing and Results
The instrument was tested with solutions prepared as described above. Various tests were done to establish sensitivity, reproducibility, and accuracy of the instrument.
The linearity of the system was examined by using standard solutions calibrated from 0 to 1.5 A (Figure 7 a and b) . Forty-eight different wells (4 X 12) were used for each set of readings. It can be seen that the CV decreased with increasing absorbance and that the optical response of the instrument Table 1 . For condition a, the mean CV for each well was 0.06% (mm. 0.00, max. 0.08%) and the CV of the pooled data was 0.14%. In condition b, the mean CV for each well was 0.35% (mm. 0.12%, max. 0.96%) and the overall CV was 0.69%. In condition c, the mean CV for each well was 0.63% (mm. 0.37%, max. 0.87%) and the overall CV was 1.11%. Table 2 ). The mean CV for all the plates was 1.46% (range, 0.42-2.09%).
The day-to-day variation of the instrument was assessed by measuring three solutions of differing absorbance values on 20 different days. A complete plate of 96 wells was used for the measurement of each standard. Standards were obtained by diluting a stock solution of the reaction products of the peroxidase assay system and checked daily in the spectrophotometer (450 mm). Figure 8 summarizes the results and the overall statistical estimates are given in Table 3 .
We measured the sensitivity of the instrument to stray and ambient light by suspending a 100-W light-bulb 1 m above the reading head. This had no measurable effect on the readings, because the probes can only accept light from directly underneath, as a result of their opaque coating. 
Discussion
The instrument described here fulfills the need for a multi-channel instrument capable of reading large numbers of micro-scale ELISA tests carried out in microtiter plates. By reading through the bottom of the plates, the need to transfer solutions to cuvets has been eliminated, and this combined with the ability to read 12 wells in sequence has considerably improved reading speed. Such problems as nonuniformity of meniscus and bubbles trapped under the probes have been overcome by careful design of the reading head, particularly the dipping probes, so that the final reproducibility of the instrument depends mainly on the optical quality of the microtiter plates used.
The colorimeter described can be used with various enzyme substrates and is being used successfully in this laboratory with both peroxidase and alkaline phosphatase substrates, at 460 and 410 nm. Pooledstatistics are given of the day-to-day instrument variation based on either analysis of individual readings, or triplicate means. Triplicates were obtained by averaging across a row of wells to give four readings per row,thusgiving 32 readings per plate. Statistics are alsogiven of(a) analysis based on all the measurements or (b) analysis after each identical well on the plate had been averaged.
The plates used for calibrating and testing the instrument were standard flat-bottom microtiter plates, which were not intended for optical measurements but were found to be of sufficient uniformity to give reasonably reproducible results (see Table 2 ).
However, the largest component in the variation between readings is associated with the plates themselves, so an improvement in the optical quality of the well bottoms would substantially improve test accuracy (i.e., might reduce the CV by twofold).
The variability
of the technique has been tested above by using each well as a single estimation. Test variation can be further reduced by using replicates. The number of replicates chosen would depend not only on the reproducibility of the instrument, but on the reproducibility of the ELISA test itself.
